Standing-wave-excited multiplanar fluorescence in a laser scanning
  microscope reveals 3D information on red blood cells by Amor, Rumelo et al.
Standing-wave-excited multiplanar fluorescence in a laser scanning microscope
reveals 3D information on red blood cells
Rumelo Amor∗,1, a) Sumeet Mahajan,2 William Bradshaw Amos,3 and Gail McConnell1
1)Centre for Biophotonics, Strathclyde Institute of Pharmacy and Biomedical
Sciences, University of Strathclyde, 161 Cathedral Street, Glasgow G4 0RE,
United Kingdom
2)Institute of Life Sciences and Department of Chemistry,
University of Southampton, Highfield Campus, Southampton SO17 1BJ,
United Kingdom
3)MRC Laboratory of Molecular Biology, Francis Crick Avenue,
Cambridge Biomedical Campus, Cambridge CB2 2QH, United Kingdom
(Dated: 24 September 2018)
Standing-wave excitation of fluorescence is highly desirable in optical microscopy
because it improves the axial resolution. We demonstrate here that multiplanar
excitation of fluorescence by a standing wave can be produced in a single-spot laser
scanning microscope by placing a plane reflector close to the specimen. We report
here a variation in the intensity of fluorescence of successive planes related to the
Stokes shift of the dye. We show by the use of dyes specific for the cell membrane
how standing-wave excitation can be exploited to generate precise contour maps of
the surface membrane of red blood cells, with an axial resolution of ≈90 nm. The
method, which requires only the addition of a plane mirror to an existing confocal
laser scanning microscope, may well prove useful in studying diseases which involve
the red cell membrane, such as malaria.
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1
ar
X
iv
:1
40
8.
29
58
v2
  [
ph
ys
ics
.bi
o-
ph
]  
4 D
ec
 20
14
Standing-wave excitation of fluorescence has been achieved previously using two meth-
ods: the 4Pi geometry, where counter-propagating coherent waves are directed into the
specimen1–3, and the simpler approach of placing a reflector close to the specimen, done in
wide-field illumination4–6, and used recently in laser-scanning7. Here, we have observed that
the standing waves close to a reflector are radially modulated in a precise way, and show
that this corresponds to a moire´ pattern between the excitation and emission standing-wave
fields. We demonstrate that standing-wave-excited fluorescence in red blood cells allows pre-
cise contour-mapping of the cell membrane, with an axial resolution of ≈90 nm, compared
with the 300 nm of a confocal microscope8.
In standing-wave fluorescence microscopy using a reflector, interference can occur between
the direct and reflected components of the excitation beam. This creates a standing wave
pattern that excites fluorescence only at the antinodal planes, which are regularly spaced in
the axial direction. Using an excitation wavelength λ and a medium of refractive index n,
and given that the antinodal planes are parallel to the reflector surface, the axial resolution
is improved to the sine squared intensity peaks at the antinodes, with a full width at half
maximum of λ/4n4–6. However, the drawback in using standing-wave excitation is that if
the specimen is thicker than the antinodal spacing λ/2n, several planes may be excited
simultaneously within the depth of field of the objective lens and their contributions may
be hard to separate from each other9,10. But if the specimen is simple in structure as in a
cell membrane and the height variation is not too rapid across the field of the microscope,
distinct excitation fringes can be recognized in xy images and used as contour lines for
precise three-dimensional mapping.
RESULTS
Model specimens. In order to investigate the intensity envelope of multiple planes of
emission, we first constructed a model specimen consisting of a monolayer of Atto 532 dye
covalently attached to the surface of a planoconvex silica lens which we placed on top of
a broad-band dielectric mirror, as in Fig. 1a. We performed single-spot laser-scanning on
this specimen with a Leica SP5 confocal microscope using a 5x/0.15 N.A. dry objective and
observed concentric fluorescence fringes as in Fig. 1c, with the fringe spacing as one would
expect if the fluorescent monolayer cut through successive antinodal planes of standing-wave
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excitation. The centre of the fringes, which is the point of contact between the specimen and
the mirror, is dark as expected because the mirror surface is the first node of the standing
wave. This result is the fluorescence equivalent of classic demonstrations of standing light
waves11–14. We sought to extend this experiment to include objectives of high numerical
aperture, such as are needed in cell biology imaging. These have a limited working distance
of a fraction of a millimetre. We coated a glass coverslip with a thin layer of fluorescein
dye and placed this on top of a planoconvex silicon lens (#69-673, Edmund Optics, Inc.,
USA) which served as a mirror, as in Fig. 1b. We performed laser-scanning in this setup
using a 40x/1.30 N.A. oil immersion objective and again obtained a pattern of concentric
fluorescence fringes, shown in Fig. 1d, consistent with standing-wave excitation, in spite of
the presence of rays at a wide range of angles of incidence. We discuss the origin of apparently
planar antinodal zones in a single-point scanning microscope even with objectives of high
numerical aperture (where the focussed spot produces curved antinodes) in Supplementary
Section S2 and Supplementary Fig. S2. To verify that the axial fringe spacing is constant
and comparable to the antinode spacing λ/2n, we have plotted the fringe intensity as a
function of axial height of the fluorochrome above the reflector surface. Figure 2a shows a
median section of the half-spherical surface of the specimen in Fig. 1a, of radius R, centred
at O, in contact with the mirror. A bright fringe of radius r1 is at a height L1 above the
mirror, and the fringe next it, of radius r2, is at a height L2. The height separating these
two successive fringes is then obtained from the two triangles formed separately by r1 and
r2, the lengths of which are given by the Pythagorean theorem as R
2 = r21 + (R− L1)2 and
R2 = r22 + (R − L2)2. The separation height is therefore L1 − L2 =
√
R2 − r22 −
√
R2 − r21.
Taking an intensity profile along a radial line in Fig. 1c, we are able to plot the fluorescence
intensity as a function of radial distance, as in Fig. 2b. A bright fringe in Fig. 1c corresponds
to a peak in Fig. 2b, which shows the fringe spacing getting smaller with distance from the
centre, which is what we would expect if a fluorescent shell of spherical shape is excited
by the evenly-spaced antinodes of a standing wave. Using our result above for the height
L1 − L2 separating two successive fringes, expressed in terms of the radial distance, we are
then able to translate the plot in Fig. 2b into one of fluorescence intensity as a function of
height from the mirror surface, as in Fig. 2c, where we have obtained evenly-spaced peaks
of fluorescence emission, corresponding to where the dye is excited by successive antinodes
of the standing wave. In the plot there are 37 peaks, and by locating the positions of the
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maxima by flipping the function vertically and using fminbnd in MATLABr, which finds
the minimum of a function within an interval, we find that the antinodal spacing is 255 nm.
In the experiment setup, there is only air between the specimen and the mirror (n = 1),
and using λ = 514 nm for the excitation, we obtain the actual antinode spacing λ/2n = 257
nm, showing that our experimental result is within 0.78 % of the actual value. Finally, the
measured experimental antinodal spacing in Fig. 2c and the actual lateral separation of the
fringes in Fig. 2b lead to an accurate reconstruction of the planoconvex specimen in three
dimensions, shown in Fig. 2d.
In addition to fluorescence fringes detected at a wide spectral bandwidth of 100 nm,
we also observed that the fringes were radially modulated in a precise way particularly
when the detection bandwidth was reduced to 5 nm, which is the spectral resolution of
the Leica SPr spectral detector15. In our experiments, the modulation has a frequency
proportional to the Stokes shift, consistent with a moire´ pattern between the excitation and
emission, which occurs at the difference frequency between the periodicity of the excitation
standing-wave field and the periodicity of the standing-wave field created by the light at
the selected emission wavelength. A moire´ pattern arising from the presence of two distinct
patterns has a spatial frequency that is the difference frequency between the two individual
patterns16–18. Figure 3 shows the moire´ pattern in the directly-observed fringes and clearly
demonstrates the increasing frequency as the fluorescence is detected from 550 nm (Fig. 3a)
through to 580 nm (Fig. 3d). Taking Fig. 3d as an example, a moire´ pattern from 514
nm excitation and 580 nm emission has a theoretical spatial period of L = 4520 nm from
1/L = 1/514 nm – 1/580 nm. Fig. 3h plots the fluorescence intensity in Fig. 3d as a
function of height from the mirror surface, using the method described for Fig. 2. Using
the spacing between peaks in the moire´ pattern, equal to L/2n, we measured a spatial
period of 4690 nm, accurate to within 3.8 % of the theoretical value. Previous work has
shown that when fluorescent molecules are placed close to a mirror, the emitting molecule
acts as an oscillating dipole (an antenna) and that the reflected and unreflected parts of
the emitted fluorescence wave interfere with each other, producing fringes from wide-angle
interference19–21 and oscillations in the fluorescence decay time22–25, with analytic expressions
for the radiation patterns derived from electrodynamic theory26–28 and modified further from
the fixed-dipole amplitude assumption to model the fluorophore as a dipole of constant
power and variable amplitude29,30. Subsequent work in this area studied the modulation
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of fluorescence intensity with distance from the mirror, and explained the modulation as
a consequence of the interference effects of the excitation and of the emission being both
present31. We have obtained the fluorescence fringes from the standing-wave field created by
the self-interference of the emission alone, by replacing the mirror with a laser-line notch filter
(LL01-514-25, Semrock, Inc., USA) to transmit the excitation and therefore suppress the
excitation standing-wave field. As shown in Fig. 3e, the modulation in the fringes detected at
580 nm is absent in this case. More importantly, as can be seen in Fig. 3g, subtraction of the
580 nm emission fringe pattern in Fig. 3e from the fringe pattern of the excitation in Fig. 3f
gives a modulated fringe pattern identical to the moire´ pattern in Fig. 3d. The spatial period
of this modulation, as measured using the peak spacing in Fig. 3i, is 4670 nm, which is within
3.3 % of the theoretical value, confirming that it occurs at the difference frequency between
the excitation and emission. The observation of a moire´ pattern of the type we describe
here appears to be novel in optical fluorescence microscopy, and suggests a method by which
the successive standing wave antinodes could be distinguished by their amplitude. It may
be possible to extend this distinction further to an unequivocal identification by analysis of
fringe colour, using multiple colocalised fluorochromes with overlapping excitation spectra
but differing in emission wavelength and Stokes shift.
In order to test whether the fluorescence fringes that we observed were caused by standing-
wave excitation formed by the interaction of the excitation light with the mirror, and not
by a Fabry-Perot cavity effect, where the silica-air interface on one side and the mirror
on the other formed the cavity, we constructed specimens in which we put immersion oil
(n = 1.52), pure glycerol (n = 1.47) and a solution of 91 % glycerol in water (n = 1.46)32
between the substrate and the mirror in Fig. 1a. Putting a film of fluid that has the
same refractive index as the silica lens (n = 1.46)33 eliminates reflection from the con-
vex surface. We still observed the concentric fluorescence fringes in all these cases, shown
in Supplementary Fig. S3, proving that the fringe pattern is caused by a standing wave only.
Red blood cells. Recent work has shown elegantly that the first antinode can be po-
sitioned near the contact between living cells and their substrate, by growing cells on a
dielectric layer of appropriate optical thickness deposited on a reflector7. Since we wished to
observe multiple antinodes, we selected as specimen red blood cells stained with the plasma
membrane-specific dyes DiI34–38, DiO36,37 or DiI(5)38,39. We stabilised mouse red blood cells
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in their characteristic shape of a biconcave disk about 7-8 µm in diameter and about 1 µm
thick at the thinnest point at the centre and 2.5 µm at the thickest point in the periphery40.
For this experiment, we obtained fresh blood by cardiac puncture from healthy mice. In
order to exclude the possibility of lensing or focussing effects from refractile material inside
the cell, we also prepared red blood cell ghost specimens in addition to intact red blood
cell specimens. Red blood cell ghosts have the same shape as normal red blood cells but
with the haemoglobin removed from the interior. We used the protocol of Harris et al.41 for
the preparation of the ghosts, which we describe in the Methods section. We stained the
membrane of the prepared ghosts and intact red blood cells with DiI, DiO or DiI(5), and
mounted these on top of a mirror. We also prepared specimens of the ghosts and red blood
cells on ordinary non-reflective glass microscope slides, to serve as controls. All specimens
were mounted using 4 % bovine serum albumin (BSA) in phosphate-buffered saline solution
(n = 1.34)42 to match the average refractive index of the membrane, and imaged with a
Leica SP5 confocal microscope using a 100x/1.40 N.A. oil immersion objective. The excita-
tion wavelength used was 543 nm for DiI, 488 nm for DiO and 633 nm for DiI(5), and the
fluorescence signal was detected at 555–655 nm for DiI, 498–598 nm for DiO and 650–750
nm for DiI(5).
With the ghosts on a slide, and without standing-wave excitation, we would expect to
see, and did see, only a bright outline of the cell, as shown in Fig. 4c. With standing-wave
excitation using a mirror, we saw a well-defined pattern of fringes, shown in Fig. 4a, as
a result of multiple planes of fluorescence excitation due to the standing wave antinodes.
With the specimens of intact red blood cells mounted on top of a mirror, we also observed
multiple planes of fluorescence in the membrane, as shown in Fig. 4b for DiI, Fig. 4d for DiO
and Fig. 4e for DiI(5). In the control without the mirror, the fluorescence again comes only
from the cell outline, as shown in Fig. 4f. We show a differential interference contrast image
of the red blood cells in Supplementary Fig. S4, which confirms that the cells are normal
discocytes. Using 488 nm excitation, we have an axial resolution of λ/4n ≈ 90 nm from
the full width at half maximum of the high-intensity excitation light at the antinodes. This
ability to simultaneously visualise red blood cells at multiple planes reveals three-dimensional
structures such as the long membrane protrusions visible in Figs. 4a and 4d. We aim to test
the value of this method for the study of acanthocytes and other abnormally-shaped red
blood cells, such as occur in blood disorders43–45 and to study the mechanisms of parasite
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invasion and egress in diseases which involve the red cell membrane, such as malaria46–51.
METHODS
Preparation of model specimens. To covalently attach a monolayer of dye to planocon-
vex silica lenses (63 PS 16 and 250 PS 25, Comar Instruments, UK), the lenses were rinsed
thoroughly with dry acetone and dipped in a 2 % mass concentration solution of 3-amino-
propyltrimethoxysilane (APTMS, Sigma-Aldrich, USA) in dry acetone. The optimum time
for coating the silica surface with APTMS was found to be 6 hours. This is important to
ensure near-monolayer attachment of the dye to the silica surface as APTMS can polymerise
on the surface forming multiple layers, especially in the presence of water. After this time
the lenses were taken out, rinsed with dry acetone a few times and gently blow-dried with
nitrogen. A 10 µM solution of Atto 532 NHS ester (88793, Sigma-Aldrich, USA) was pre-
pared in pH 8.1, 0.01 M phosphate buffer. The lenses were soaked in this solution in a
vial, sealed with parafilm and left overnight in a dark chamber wrapped in aluminium foil.
Thereafter, the remaining solution was recovered and the silica surfaces thoroughly rinsed
with deionised water. The lenses were then blow-dried with nitrogen and stored in the dark
to prevent photodamage.
To coat glass coverslips with a thin film of fluorescein dye, fluorescein was dissolved in
ethanol at a dilute concentration of 10 µM. A 5 µL drop of this solution was placed on the
coverslips and allowed to evaporate, producing a thin coating of fluorescein on the glass.
Preparation of red blood cell ghost specimens and intact red blood cell speci-
mens. Fresh mouse blood was collected by cardiac puncture, yielding about 0.5 mL blood
from one mouse. The blood was immediately mixed with the anti-coagulant acid citrate
dextrose (ACD) to prevent clotting, at a ratio of 1 part ACD to 3 parts blood. 100 mL
of ACD is 1.32 g trisodium citrate (BP327-500, Fisher Scientific, USA), 0.48 g citric acid
(423565000, Acros Organics, USA), 1.40 g dextrose (BP350-500, Fisher Scientific, USA)
and distilled water to make up 100 mL of solution. The red blood cells were washed three
times in phosphate-buffered saline solution (PBS: 137 mM NaCl, 2.7 mM KCl, 10.6 mM
Na2HPO4, 8.5 mM KH2PO4, pH 7.4) and suspended to their original hematocrit in modified
balanced salt solution (MBSS: 134 mM NaCl, 6.2 mM KCl, 1.6 mM CaCl2, 1.2 mM MgCl2,
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18.0 mM HEPES, 13.6 mM glucose, pH 7.4, 37 ◦C). 200 µL of this suspension was set aside,
resuspended in 4 % BSA (A7906, Sigma-Aldrich, USA) in PBS, and stored at 4 ◦C overnight
for the preparation of intact red blood cell specimens. The washed red blood cells were sus-
pended in 10 mL of PBS diluted 2/5 in distilled water with 1 mM CaCl2. The lower osmotic
pressure causes the cells to rupture and release their haemoglobin, creating ghosts. After 30
minutes at 0 ◦C, 5-fold concentrated PBS containing 1 mM CaCl2 was added to the ghost
preparation to restore isotonicity. The suspension was then incubated for 45 minutes at 37
◦C to reseal the membrane, and sealed ghosts were collected by centrifugation at 2,500×g
for 10 minutes. The ghosts were washed in PBS until the supernatant appeared free from
haemoglobin and resuspended in 1 ml of 4 % BSA in PBS and stored at 4 ◦C overnight.
The ghosts and intact red blood cells were stained for the membrane by adding a 1 mg/ml
stock solution of DiI or DiO (D-282 and D-275, Invitrogen, Ltd., UK) in ethanol, or a 1
mg/ml stock solution of DiI(5) (D-307, Invitrogen, Ltd., UK) in dimethyl sulfoxide (D8418,
Sigma-Aldrich, USA), at a ratio of 1 part stock solution to 99 parts cell suspension, and
the suspension was incubated for 30 minutes at 37 ◦C. The ghosts and cells were then spun
down and rinsed with PBS and resuspended in 4 % BSA in PBS. To promote the adhesion
of ghosts and cells to the surface of a mirror or microscope slide, these surfaces were coated
with poly-L-lysine. A working solution of poly-L-lysine was made by preparing a 1 in 10
dilution of 0.1 % mass concentration poly-L-lysine stock solution (P8920, Sigma-Aldrich,
USA) in water. The mirrors and microscope slides were sterilised in 95 % ethanol and dried
before coating. These were submerged in poly-L-lysine in a sterile Petri dish, incubated
for 15 minutes at 37 ◦C, washed three times with PBS, and placed under ultraviolet light
in a cell culture hood for 15 minutes to sterilise. Specimens of red blood cell ghosts and
intact red blood cells were then prepared by pipetting 5 µL of suspension onto a mirror or
microscope slide and lowering a cover slip gently over the drop at an angle, allowing the
liquid to spread out.
Confocal laser scanning microscope settings. Laser scanned imaging of all specimens
was performed on a Leica SP5 DM600 confocal microscope, using a 5x/0.15 N.A. HCX PL
FLUOTAR DRY objective for Fig. 1c and Fig. 3, a 40x/1.30 N.A. HCX PL APO CS OIL
objective for Fig. 1d, and a 100x/1.40 N.A. HCX PL APO CS OIL objective for Fig. 4.
A schematic diagram of the experimental setup is shown in Supplementary Fig. S1. For
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Fig. 1c and Fig. 3, the excitation came from the 514 nm line of an Argon laser, with an
average power of about 5 µW at the specimen for Fig. 1c, and 30–90 µW for Fig. 3, the
fluorescence in the latter case being collected at a narrow bandwidth of 5 nm to detect the
beats pattern. The image size was 2048×2048 pixels averaged over 8 lines of scan, which
took about 40 seconds per frame. For Fig. 1d, the excitation was from the 488 nm line of
the Argon laser, with an average power of 20 µW at the specimen. The image size was
2048×2048 pixels averaged over 8 lines and took 40 seconds per frame. For the imaging of
red blood cell ghosts and intact red blood cells in Fig. 4, the excitation was from the 543
nm line of a Helium-neon laser with an average power of about 1–3 µW at the specimen,
except in Fig. 4d, where the excitation was from the 488 nm line from the Argon laser with
an average power of about 3 µW at the specimen, and Fig. 4e, where the excitation was
from the 633 nm line of a Helium-neon laser with an average power of about 5 µW at the
specimen. All panels had a size of 1024×1024 pixels averaged over 8 lines and took about
20 seconds per frame, cropped further to 480×480 pixels.
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FIGURES
FIG. 1. Experimental setup and fluorescence images obtained with varying distance between
fluorochrome and reflector. Setup (a) was used to investigate fluorescence in air with dry objectives
of low numerical aperture and long working distance (e.g. 5x N.A. 0.15). The fluorochrome, e.g.
Atto 532 dye, was deposited as a thin layer on the convex side of a planoconvex lens, which was
balanced on an aluminised first-surface reflector. In certain experiments the broad-band reflector
was replaced with a plate coated to reflect only the excitation wavelengths or only the emission
wavelengths of the dye. For studies at high numerical aperture, setup (b) was used, allowing the
fluorochrome to be brought within the limited working distance of the high-N.A. lens and for
normal immersion oil and a correctly specified coverslip to be used. The dye in this case was the
sodium salt of fluorescein deposited in a thin layer on the underside of the coverslip and the convex
surface of a solid silicon planoconvex lens was used as the reflector, since it behaves as such in
visible wavelengths. (c) Fluorescence image from the setup in (a), showing concentric fringes from
multiple planes of excitation at the standing-wave antinodes. Scale bar=250 µm. (d) Fluorescence
fringes from the setup in (b), consistent with standing-wave excitation in spite of the presence of
rays at a wide range of angles of incidence. Scale bar=50 µm.
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FIG. 2. Three-dimensional reconstruction from a single two-dimensional image. (a) Diagram of
planoconvex specimen in contact with the mirror. The height L1 − L2 separating two successive
bright fringes of radii r1 and r2 is given by
√
R2 − r22 −
√
R2 − r21. (b) Fluorescence intensity in
Fig. 1c plotted versus radial distance, showing the fringe spacing getting smaller with distance
from the centre, consistent with a fluorescent shell of spherical shape excited by the evenly-spaced
antinodes of a standing wave. (c) Fluorescence intensity plotted versus height from the mirror
surface, obtained using the geometry in (a), showing evenly-spaced peaks where the dye cut the
antinodes of the standing wave. The measured antinodal spacing is 255 nm, accurate to within
0.78 % of the actual value of λ/2n=257 nm using an excitation wavelength of 514 nm and a
refractive index of n=1 (air). (d) Three-dimensional reconstruction of planoconvex specimen from
the two-dimensional fluorescence image in Fig. 1c.
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FIG. 3. Moire´-like radial modulation of fluorescence fringe brightness observed at different detection
wavelengths and also simulated. Detecting the fluorescence emission at a bandwidth of 5 nm centred
at (a) 550 nm, (b) 560 nm, (c) 570 nm, and (d) 580 nm shows the directly-observed fringe pattern
to be radially modulated, with a frequency proportional to the Stokes shift, consistent with a
moire´ pattern between the excitation and emission standing-wave fields. (e) In the absence of the
excitation standing-wave field, the modulation is absent in the 580 nm emission. (f ) Excitation
standing-wave field fringe pattern. (g) Subtraction of the emission-only fringe pattern (e) from
the excitation fringe pattern (f ) gives a modulated image identical to the moire´ pattern in (d).
The measured spatial periods in (d) and (g) are: (h) 4690 nm, and (i) 4670 nm, respectively, both
within 4 % of the theoretical value of 4520 nm for a moire´ pattern between 514 nm and 580 nm.
Scale bar=250 µm. 16
FIG. 4. Precise contour-mapping of the red blood cell membrane. Fringes in red blood cell ghosts
(a) and intact red blood cells (b, d, e) from multiplanar excitation of fluorescence at the standing-
wave antinodes. The cells were stained with the membrane-specific dyes DiI (a and b), DiO (d)
or DiI(5) (e), and mounted on top of a mirror using 4 % BSA in PBS (n=1.34) to match the
average refractive index of the membrane. Using an excitation wavelength of 488 nm for DiO, the
axial resolution from the full width at half maximum of the high-intensity excitation light at the
antinodes is λ/4n ≈ 90 nm. Control specimens of red blood cell ghosts (c) and intact red blood
cells (f ) mounted on ordinary non-reflective glass microscope slides emit fluorescence only at the
outline of the cell. Scale bar=5 µm.
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